Local spin density approximation calculations are used to elucidate electronic and magnetic properties of Heusler structure Fe 2 VAl. The compound is found to be a low carrier density semimetal. The Fermi surface has small hole pockets derived from a triply degenerate Fe derived state at Γ compensated by an V derived electron pocket at the X point. The ideal compound is found to be stable against ferromagnetism. Fe impurities on V sites, however, behave as local moments. Because of the separation of the hole and electron pockets the RKKY interaction between such local moments should be rapidly oscillating on the scale of its decay, leading to the likelihood of spin-glass behavior for moderate concentrations of Fe on V sites. These features are discussed in relation to experimental observations of an unusual insulating state in this compound.
behavior or where odd transport properties are observed on the metallic or insulating sides of the transition.
Nishino et al.
1,2 recently reported a highly unusual insulating state in Heusler phase (Fe 1−x V x ) 3 Al alloys at x = 1/3. At this composition, the Fe and V are believed to separate on the two transition metal sub-lattices, yielding a well ordered compound. The resistivity decreases smoothly from the lowest measured temperature of 2 K to over 1200 K, characteristic of an insulator. However, the dependence is clearly non-exponential and has a finite low temperature value of approximately 3 mΩ·cm. This unusual resistivity is accompanied by the presence of a clear Fermi edge in photoemission spectra and a large finite linear component of the specific heat, γ = 14 mJ/mol·K 2 . It was noted that plots of specific heat over temperature, C/T vs. T 2 show an upturn with decreasing temperature, reminiscent of heavy fermion systems, perhaps related to spin-fluctuations.
Compositions with slightly less V (lower x) have metallic resistivities at low temperature, and order magnetically, while higher V concentration samples display more normal semiconducting behavior. The ordering is plainly ferromagnetic at low x < ∼ 0.2 and presumably so up to x = 1/3. The Curie temperature, T C decreases monotonically to zero with increasing x from almost 800 K at x = 0 reaching room temperature near x = 0.2. In this ferromagnetic regime, the resistivity as a function of temperature is metallic though with generally high low temperature saturation values, has a maximum at T C and then crosses over to a decreasing T dependence, somewhat like the colossal magnetoresistive manganites.
The prominence of this cross-over feature increases rapidly with decreasing T C . There is no evidence for magnetic ordering at x = 1/3 or higher. However, based on the temperature of the resistivity maximum as a function of composition, Fe 2 VAl is at or very close to the composition where T C reaches zero, again suggestive of strong spin fluctuations.
(Fe 1−x V x ) 3 Al alloys occur in a Heusler DO 3 structure throughout the composition and temperature range of interest. This structure is derived from a simple cubic B2 (CsCl) structure, FeAl, by replacing every second Al by a transition metal atom in an fcc way. Thus it has a single Al site and two inquivalent transition metal sites in the four atom unit cell. In this paper, we report electronic structure studies of the (Fe 1−x V) 3 Al system focussing on the x = 1/3 composition, in order to create a framework for understanding its properties.
These local spin density approximation (LSDA) calculations show fully ordered Fe 2 VAl to be a semimetal, with separated electron and hole pockets and a very low carrier density.
This is of some interest in itself, since it is a situation favorable for exciton formation.
Remarkably, the compound is not near a ferromagnetic instability, and in fact has a low spin susceptibility, related to the low carrier density. However, we find that Fe atoms on the nominal V, Fe1 site display strong local moment magnetism. The transport and other anomalous properties are discussed in terms of the band structure and the interactions with the dilute Fe1 local moment system.
B. Approach
All atoms in the fcc DO 3 and ordered L2 1 crystal structure occur on high symmetry sites. Accordingly, the only free crystallographic parameter is the lattice parameter. The LSDA calculations presented here are based on the reported 1 experimental lattice parameter of 0.576 nm. The electronic structure provides the underlying basis for our discussion of transport properties, and accordingly we wished to obtain it as accurately as possible. The LSDA band structure of ordered Fe 2 VAl is shown in Fig. 1 . The corresponding electronic density of states (DOS) and projections onto LAPW spheres is shown in Fig.   2 . Before discussing the details near the Fermi energy, E F , that relate to the transport properties, we overview the basic structure. No magnetic instability was found for this composition, and as such the bands are non-spin-polarized. The 3 eV wide split-off band at the bottom that disperses upwards from Γ derives from the Al 3s state. The remainder of the valence band manifold, which extends from approximately −6 eV to +2 eV may be described as 15 transition metal 3d derived bands, with three Al 3p derived bands dispersing through. However, due to a Fano-type mixing with the transition metal bands, the Al free electron-like character is depleted in the main transition metal region and piles up at the top (2 -3 eV, relative to E F ) and bottom (−6 -−5 eV) of the manifold.
There is a strong pseudogap around E F . The states above the gap are generally of mixed V and Fe e g character, while those below are for the most-part more Fe-like.
The separation of the V d states into two well-separated peaks in the DOS is mainly due to crystal field. With the bcc like coordination of the V site, its d manifold is split into a lower lying set of three t 2g states, around −2 eV, relative to E F , and two e g states around +1 eV. For the Fe d bands the effects of hybridization are stronger than the crystal field.
This Fe-Fe hybridization involves primarily Al and V states, although direct hopping is also substantial (the Fe -Fe distance is a/2: not much longer than the Fe-V and Fe-Al distances of a √ 3/4). Based on down-folding of the LMTO band structure, and the positions of the bands at Γ, we estimate the Fe crystal field splitting to be quite small, of the order of 0.35 eV, apparently due to canceling contributions from the tetrahedral coordinations with V and Al atoms. In any case, as may be seen from the positions and characters of the bands at Γ, the ordering of Fe d sub-levels from lowest to highest is e g bonding, t 2g bonding, t 2g
anti-bonding and e g anti-bonding. Of these, all but the e g anti-bonding states are below the pseudogap.
However, the pseudogap is not complete because the top of the Fe anti-bonding t 2g band, which occurs at the Γ point, is above the bottom of the V e g band. The reason is that V ddσ hopping is comparatively large, and that in an fcc lattice (the V sublattice in Fe 2 VAl is fcc) the lower e g band is often strongly (by 1.5 t ddσ ) dispersive along Γ-X direction, so the bottom of this V-derived band (at the X point) occurs below the top of the anti-bonding Fe t 2g band (at the Γ point) The low carrier density implies that a simple Stoner instability of the non-spin-polarized state, due to divergence of the susceptibility χ(q), will not occur, since the N(E F ) factor will be too small. However, the absence of an instability against small fluctuations does not necessarily mean that a magnetic state with larger moments is not present. A local moment system on the verge of ordering is consistent with many of the experimental observations and would have strong spin fluctuations that could yield the size of enhancements observed.
Fixed spin moment calculations were used to address this possibility. The energy as a function of magnetization, shown in Fig.4 , provides no evidence of any interesting magnetic behavior in ordered stoichiometric Fe 2 VAl. In particular, the energy is a smooth monotonically increasing function of magnetization. After a very small parabolic region extending to approximately 0.02 µ B /f.u., the curve becomes roughly linear up to 2.5 µ B /f.u., and then crosses over to an upward curving form. The linear region is due to the semi-metallic character of the material. As the bands are split by the exchange enhanced applied field in the fixed spin moment calculation, N(E F ) increases from a low value. This leads to a corresponding increase in the differential susceptibility, flattening the curve from parabolic.
The induced moments are almost entirely associated with the Fe sub-lattice in Fe 2 VAl. Up to 4 µ B /f.u., the V site contributes a small (∼5% of the total) negative contribution, while by 5 µ B /f.u., the V contribution becomes parallel to the Fe, but is still very small.
D. Magnetic Properties of Defects
This begs the question of the magnetic properties of defects, since some explanation of the magnetic properties is needed. As mentioned, when all the V on the Fe1 site is replaced by Fe, i.e. in Fe 3 Al, the material is strongly ferromagnetic. As V is put back in ( To start with, let us look at the stoichiometric compound Fe 2 VAl, but placing V on one of the Fe2 sites, and one of the Fe's on the Fe1 site. This results in the following sequence:
where the underlined atoms have been interchanged. We find a ferromagnetic ordered state with the moments inside the atomic spheres 2.1 µ B on Fe, 1.1 µ B on Fe ′′ , 0.6 µ B on Fe ′ , and −0.2 µ B on V (note the minus sign, in accord with the fixed-moment LAPW calculations).
All other atoms carry negligible moments. This is to be compared with the moments in pure 
while the latter was a quadrupled fcc cell and retaining full cubic symmetry. In the former case we obtain M = 2.4 µ B on Fe (very slightly larger than in Fe 3 Al) and 0.7 µ B on Fe ′′ , in accord with the virtual crystal calculation described above. The Fe 2.25 V 0.75 Al compound produced 2.2 µ B on Fe with no significant polarization on the other sites.
Taken together, these calculations indicate that Fe on a Fe1 site acquires strong, localized magnetic moment of 2.2-2.3 µ B , which is robust against redistribution of Fe and V atoms within the transition metal sublattices and even changes in the total V concentration. As a further test we performed supercell calculations with a further doubling of the unit cell (3) of Fe 2.5 V 0.5 Al and performed calculations with antiferromagnetic ordering:
We found a metastable antiferromagnetic self-consistent solution with Fe having ±2.3 µ B and Fe ′′ having ±0.6 µ B . That is, the moment on Fe was virtually the same as in the ferromagnetic case, and that on Fe ′′ was only slightly suppressed. It seems that, independent of the spin arrangement of other Fe atoms, Fe on Fe1 site has enough room to act like a quasi-free ion, with the crystal splitting larger that the e g and t 2g subband widths, and thus is unavoidably magnetic. Fe on the Fe2 site, on the other hand, is squeezed by larger Al and V ions and has subband widths large compared to their splitting. Thus it is intrinsically nonmagnetic, although moments can be induced on this site. In fact, in all supercell calculations, the partial DOS on Fe has two clear maxima, corresponding to the e g and t 2g subbands (as in the non-spin-polarized case), while the DOS on the other Fe atoms shows relatively structureless broad bands.
E. Discussion
The above calculations show two main features. First of all Fe 2 VAl is semi-metallic with a low carrier density and well separated hole and electron Fermi surface sections. Secondly, defects in which Fe atoms occur on the nominally V Fe1 sites provide local moments.
Although this in itself does not provide an explanation of the anomalous properties, we speculate that the odd properties of this system may be due to the dynamics of a dilute system of such local moments and their interaction with the charge carriers.
An interesting point, worth mentioning, is that the direct exchange interaction of the localized Fe1 moments should be very small. One may then ask if there is an oscillating RKKY type interaction that could lead to a spin glass state in the same manner as in classical spin glass systems. The fact that the Fermi surfaces are small does not mean that the period of the RKKY interaction in this system is very long of the order of 2π/k F ; rather, it is controlled by the wave vector connecting the hole and electron Fermi surfaces, which is π/a. That is, the relevant scale is set not by the size of the Fermi surfaces, but their separation. In fact, the RKKY interaction in this system can be written as changes with r as cos(k F r), where k F ≈ 0.1π/a, and thus is a long wavelength modulation.
The RKKY interaction has a prefactor proportional to k 4 F ; one effect of the smallness of the Fermi surfaces is that the interaction will be fairly weak compared with the traditional metallic RKKY spin glasses. Nevertheless, spin-glass effects cannot be excluded and it is tempting to ascribe the increase of the resistivity at T → 0, and anomalously large specific heat coefficient γ, to a spin glass transition with a freezing temperature close to zero. It is worth noting that the temperature dependence γ is also unusual, with a large negative T 2 term. In this scenario, the properties will be sensitive to the ordering and concentration of local moments, i.e. Fe on the Fe1 site. Presumably this will be reflected in a high sensitivity to the exact composition and growth conditions. In this picture the magnetic properties of Fe rich alloys near x = 1/3 are then those of a local moment system with concentration increasing as x is reduced.
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